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Abstract 
 
Decision-making plays a fundamental role in the lives of all animals, including 
humans.  To make adaptive decisions, the brain must first weigh the costs and benefits 
associated with available decision options and then select the option that maximizes 
Darwinian fitness.  Here, we use a novel and ecologically-relevant task switching 
paradigm to investigate how limitations on cognitive flexibility affect the foraging 
decisions of bumblebees.  Our results will yield important insights into the neural basis 
of adaptive behavior and the evolution of floral complexity.  
  
Introduction 
Bumblebees and other flower-visiting animals have the ability to collect food from a 
wide variety of different flower types.  Yet, individuals often specialize on one specific 
flower type while bypassing other equally or more rewarding flower types in the process 
(Goulson & Wright 1998).  The decision of individuals to specialize on a specific type of 
flower appears to be suboptimal from an economic perspective because individuals are 
passing over equally or more rewarding flowers (referred to as a missed opportunity 
cost) and flying longer distances between flowers (increased time cost) to specialize.   
This behavioral phenomenon in pollinators is referred to as ‘flower constancy’. 
 
Flower constancy was first noted by Aristotle over 2000 years ago and has since 
been observed in every pollinator species.  Flower constancy provides obvious benefits 
to flowering plants by reducing the amount of pollen transferred to the wrong species 
and preventing foreign pollen from clogging the female part of the flower (Waser 1983).  
The benefits of flower constancy to pollinators, however, remain unclear. As Darwin 
wrote, they “certainly are not doing it for the good of plant” (Darwin 1876). 
 
In this study, we test the hypothesis that flower constancy is a foraging strategy 
adopted by pollinators to minimize the costs associated with limitations on working 
memory.  Studies have shown that when humans and other mammals are subjected to 
task switching, they do not perform tasks as efficiently as when they repeat a single task 
(Arrington & Logan 2004).  This switch cost has been attributed to limitations on working 
memory (Gegear & Laverty 2001).  Similar limitations on working memory may explain 
flower constancy in pollinators.  In this view, foraging between multiple rewarding 
flowers would entail uploading new tasks and downloading old tasks from the working 
memory.  If not given sufficient training or time to overcome and perform this operation 
in working memory, a high switch cost may result.  Specialization (performing the same 
task repeatedly) may reduce this switch cost and thereby deeming flower constancy an 
economic foraging strategy. 
 
In this study, we conducted a series of experiments that were designed to determine 
if working memory is involved in the foraging decisions of bumblebees.  It was predicted 
that if bumblebees were given more time to make foraging decisions, they would have 
an increased level of multitasking (less specialized foraging) and reduced switch costs 
compared to bees having less time to make foraging decisions.   
Materials and Methods  
Bees 
 
Three bumble bee (B. impatiens) colonies were utilized throughout the entire testing 
period and were obtained from Biobest Biological Systems Canada (Leamington, ON, 
Canada). During non-testing hours, the colony (Figure 1.A.) was maintained with 30% 
sucrose solution and pollen. The colony was connected to a screened-in room (483 sq 
feet) by a channel made of wired mesh that allowed the movement of bees between the 
enclosed room and the colony. The room (Figure 1.B.) contained a door allowing easy 
access for the experimenter, a table, covered with a tarp to prevent the loss of bees, 
which the arrays would lay on, and 3 sets of two, long halogen light bulbs for adequate 
lighting. A test bee was only used once, and was chilled once the test runs were 
complete. 
 
 
Figure 1: Setup of experiment (A) Colony's attachment to experimentation room (B) Experimentation 
room with experimental array 
 
Artificial Flowers and Arrays used in Experiments 
 
Hand-constructed flowers made of 1.5 mL cap-less Eppindorf centrifuge tubes and 
colored foam were used in the experiment. The yellow, dark blue, orange, and purple 
foam were cut into 3cm circular “corolla” pieces with a hole in the middle allowing for the 
corresponding color of centrifuge tube to fit down the middle of each.  The bees were 
capable of landing on the flower and crawling to the bottom of each tube to obtain a 
given reward. 
 
The yellow, orange, and purple flowers remained odorless, while the blue flowers 
were separated into clove (1), peppermint (2), and geranium (3) odors. The odors were 
created at a 1:50 dilution with 200µL pentane and 4µL of their respective odor oil. 5µL of 
each mixture was then distributed onto the corolla of corresponding odor type 
respectively.  
 
An array was constructed consisting of four, (4 x 2.5 ft) foam boards lined with 
sheets of paper with a green, leafy pattern. The boards contained 60 equally distributed 
holes throughout for the tubes to be placed in. The flowers were placed in 10 rows of six 
with adjacent rows offset by half the distance between flowers in each row. Yellow and 
geranium flowers were filled with 2µL of sucrose, and the remaining flowers with 2µL of 
water. 
 
Experimental Procedure 
 
A non-specific feeding array, containing 6 
clear centrifuge tubes, was used to provoke 
foraging in the colony prior to a test run. The 
gates of the channel were opened allowing the 
bees to access the enclosed room. Those that 
foraged were marked with either blue, white, 
pink, yellow, or green paint on their thorax or 
lower abdomen (Figure 2), while those that 
did not forage were caught and set aside.   
 
Upon the foragers return to the colony, the feeding array was replaced with a 
training array with either six yellow or six blue geranium flowers. Foragers were allowed 
to visit each monotypic array over three foraging runs (i.e., three consecutive runs to 
yellow and then three consecutive runs to blue geranium flowers, or vice versa). After 
the training trials, the test array was placed on the table and the experiment began.  The 
experimental method is depicted in Figure 3.  
 
 
Figure 3: Method of experiment. (A) Yellow training array combined with (B) blue training array were 
preface to the (C) experimental array with 3 colors, 2 distracting colors and 1 rewarding, and 3 odors, 2 
distracting and 1 rewarding.  The control foragers were subjected to the (D) yellow control array or the (E) 
blue control array. 
 
Once the bumblebee was released from the colony, a video camera recorded the 
array while the bee foraged from the array. The array the forager was subjected to was 
either one task of color or odor discrimination or two tasks of color and odor (Figure 3C, 
D, or E).   Each visit type to a flower was verbally categorized as touch, half, and full.  A 
Figure 2: (A) colony of bees with marked 
foragers (B) Marked bee foraging on hand-
constructed flower 
Figure 5: Task switching increases when 
flowers are farther apart.  Proportion of task 
repetitions decreased as interflower distance 
was increased from 7.5cm to 15cm 
Figure 4: Color repetitions decrease when 
flowers are spaced farther apart.  Color tasks 
were repeated less often than odor tasks at the 
15cm interflower distance 
“touch” consisted of the bee landing on the flower, “halfway” the bee crawled halfway 
into the tube, and a “full” was when the bee whet directly to the bottom of the tube and 
was capable of obtaining the reward.  Only full visits to yellow and geranium (rewarding 
flowers) were refilled with the 2 µL of sucrose solution.  Each bumblebee’s foraging 
habits were recorded for 120 full visits.  The videos of the foraging runs were then 
watched for choice data, and the foraging rates of each experimental and control bee 
were calculate and the rate is expressed as flowers per minute. 
Results 
The experimental videos were watched for the purpose of data collection.  The data 
at an interflower distance of 7.5cm was collected by Gegear Lab during the summer of 
2011, and it was used to supplement the experimental data at an interflower distance of 
15cm. 
 
Choice data of the foraging bumblebees was collected to produce Figures 4 and 5 
seen below.  The number of repetitions was calculated and compared for the 7.5cm and 
15cm interflower distance data sets.  Figure 4 represents the overall proportion of 
repetitions a foraging bumblebee performed during a trial.  The proportion of task 
repetitions decreased when interflower distance increased from 7.5cm to 15cm 
(**p<0.01).  The dotted line represents chance, random task choice.  Figure 5 takes into 
account the proportion of color repetitions only.  When the interflower distance was 
15cm the bumblebees tended to favor odor over color foraging, color task were 
repeated less often than odor tasks at the 15cm interflower distance (**p<0.01).  
Conversely, at an interflower distance of 7.5cm, the foragers did not show a bias 
towards odor or color denoted by the proportion of color repetition at 0.5, hovering right 
around the line denoting random task choice.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Figure 6, foraging rates were graphed in respect to number of task, one or two, 
and interflower distance.  The bees that foraged on single task arrays displayed similar 
foraging rates when working on odor and color task; 
therefore, odor and color single tasks did not need 
to be denoted separately in this figure.  When a 
bumblebee was 
tasked with two 
rewarding flowers 
to forage off of, 
foraging rates 
were significantly 
reduced, the bees 
foraged less 
flowers per minute 
(**p<0.01 and *** 
p<0.001).  This decrease in foraging rate indicates a 
switch cost associated with more than one task.  
Additionally, according to the raw foraging data, the 
foragers foraged less flowers per minute when the 
interflower distance was increased because of the 
longer traveling time between rewarding flowers.  When this data was normalized and 
relative foraging rates were calculated by subtracting mean rate of performing a single 
task from the rate of each bee when switching between tasks, Figure 7 illustrates a 
significantly lower relative foraging rate at the 15cm interflower distance.  This lower 
relative foraging rate means that switch costs are reduced when flowers are spaced 
with a great interflower distance. 
Discussion 
After examining the choice data and foraging rates of foraging bumblebees on 
interflower distances of 7.5cm and 15cm, it was found that task repetitions decrease in 
the foraging habits of bumblebees foraging two rewarding flowers.  Less task repetitions 
and more task switching results in the foragers veering from the phenomenon of flower 
constancy generally observed in flower visiting creatures in nature.  The evidence of 
working memory can be seen when the foraging habits of the two interflower distances 
are compared.   
 
Choices at a distance of 7.5cm were congruent with flower constancy because the 
time between flowers was not sufficient to effectively utilize both rewarding tasks in 
working memory.  A greater interflower distance results in more time between decisions 
to forage.  The greater amount of time allows for a bumblebee to successfully upload 
and download from its working memory, and this successful use of its working to long 
term memory and visa versa leads to successful foraging of more than one rewarding 
flower and less flower constancy.  This efficiency in task switching at a greater 
interflower distance is indicative of working memory being a player in task switching.  
The limitations of a bumblebee’s working memory as seen in lower task switching rates 
Figure 6: There is a significant cost 
to task switching.  Foraging rates are 
significantly reduced when bees 
performed a single task (i.e. there is a 
switch cost) 
Figure 7: Switch costs are reduced 
when flowers are spaced farther 
apart.  Relative foraging rates (mean 
rate when performing a single task- 
rate for each bee when switching 
tasks) are significantly lower at the 
15cm interflower distance 
directly correlates to flower constancy in nature and a bumblebee’s tendency to not task 
switch because of this memory handicap. 
 
When given time to process two rewarding tasks and reduce the effect of limitations 
on the bumblebee’s working memory, the bumblebees that were tested tended to forage 
more odor choices than color.  This phenomenon may be linked to the fact that odor is 
more strongly linked with a bumblebees memory and is more easily moved to and from 
working memory.  More experimentation is necessary to conclude if this bias towards 
rewarding flowers associated with odor always holds true. 
 
Even though it is possible for a bumblebee to successfully task switch when given 
ample time to use its working memory, switching between tasks subjects the foraging 
bumblebees to an ecologically significant cost.  It is evident that when presented with 
two successful flowers, the foraging rate is significantly decreased resulting in less 
flowers foraged per minute.  This is not ideal to the bee’s Darwinian fitness to task 
switch, and therefore, floral specialization results from this switch cost that occurs when 
more than one flower can be foraged during a run. 
 
Repeating the same task while foraging is an adaptive foraging strategy.  This floral 
specialization phenomenon observed in nature is a result of the limitation of a 
bumblebee’s working memory to change tasks, and this limitation results in a specialist 
strategy when visiting flowers.  It is more economical for a bumblebee to forage with 
floral specialization because there is less cognitive cost when there is less task 
switching.  The cognitive cost attributed with task switching much be ecologically more 
significant than the combination of missed opportunity and time cost of floral 
specialization, passing over flowers that may be more rewarding and traveling longer 
distances to specific flowers. 
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